Background Sperm DNA damage is associated with male infertility but whether normozoospermic infertile men also have DNA damage is unknown. Objective To evaluate sperm DNA and chromatin integrity in men with mild male factor infertility. Design, setting and participants Prospective study of 102 consecutive men (78 normozoospermic, 15 asthenozoospermic, 9 oligozoospermic) enrolled for intrauterine insemination (IUI) and 15 fertile controls. Outcome measurements and statistical analysis Standard semen parameters and sperm chromatin and DNA integrity were assessed and compared between groups. Sperm chromatin quality was assessed by (1) aniline blue staining (AB is specific to histone lysines), (2) iodoacetamide fluorescein fluorescence (IAF targets free protamine sulfhydryl groups) and (3) sperm chromatin structure assay (SCSA) with the results expressed as % DNA fragmentation index (%DFI).
Introduction
The exact causes of male infertility are poorly understood, with nearly half of all cases deemed idiopathic [1] . Over the past decade, a considerable amount of work has been directed toward understanding the role played by DNA damage and chromatin integrity in male infertility, in terms of the etiology and pathophysiology. Multiple theories have been proposed to better understand it, and the three main emerging theories are abortive apoptosis [2] , defective sperm maturation [3] [4] [5] , and oxidative stress [6] [7] [8] . Although various assays have been developed to assess sperm DNA damage and chromatin integrity, the ideal marker of sperm DNA damage in the evaluation of the infertile man has not been found [9, 10] .
Previous studies have shown that sperm DNA damage is elevated in patients with poor semen parameters [11, 12] .
Moreover, the extent of the DNA damage increases with an increasing number of semen abnormalities [11, 12] . However, no studies have specifically examined the sperm chromatin and DNA damage of men with mild male factor infertility (e.g. normozoospermic infertile men). As such, the clinical value of sperm chromatin and DNA markers in the evaluation of men with mild male factor infertility is not known.
The purpose of our study was to evaluate sperm DNA and chromatin damage in semen samples of men enrolled in IUI treatment cycles, many of which are normozoospermic. We also sought to evaluate the relationship between markers of sperm DNA and chromatin damage and semen parameters in these men.
Materials and methods

Materials
Acridine orange (AO) was purchased from PolySciences (Warrington, PA). 5-iodoacetamide-fluorescein (IAF) was purchased from Invitrogen (Burlington, ON, Canada). Unless otherwise stated, all other chemicals were obtained from Sigma Chemical Co (St. Louis, MO) and were reagent grade or higher.
Study population
This is a prospective study of 102 consecutive non-azoospermic infertile men enrolled in IUI treatment cycles at the OVO fertility clinic between January 2010 and December 2010. These men and their partners were enrolled in IUI cycles by the treating reproductive endocrinologist based on a prior clinical evaluation (including a diagnostic semen analysis) showing normozoospermia or mild oligo-asthenoteratozoospermia (mild male factor). The controls were 15 fertile, healthy volunteers selected for their excellent semen quality. All participants were informed of the study and signed a consent form, as per the ethics board guidelines.
Semen analysis
The participants provided semen samples (for their IUI treatment cycle) by masturbation after 2-5 days of sexual abstinence. As part of the OVO clinic's standard practice, a semen analysis is routinely obtained from a small aliquot of the sample used for IUI. The IUI semen analysis includes assessment of semen volume, sperm concentration and progressive motility (by computer-assisted semen analyzer) but sperm morphology is not assessed as part of this evaluation [13] . The patients were categorized based on the IUI semen analysis results (normozoospermic, asthenozoospermic and oligo-or oligoasthenozoospermic). We elected not to categorize patients based on the diagnostic semen analyses (these were conducted weeks or months before the IUI treatment) because these semen analyses were done in several different clinical laboratories each using different methods of analysis and different morphology criteria.
Prior to sperm processing for the IUI treatment, a small aliquot of raw semen (between 25 and 100 μL of semen, containing approximately 1 to 2 million spermatozoa but no more than 5 % of the entire semen sample) was collected from the original sample and frozen at −70°C for the subsequent evaluation of sperm chromatin structure assay (SCSA) parameters and cytochemical tests of sperm chromatin integrity).
Sperm chromatin structure assay Sperm DNA damage was assessed using the sperm chromatin structure assay (SCSA), and the results were expressed as % DNA fragmentation index -% DFI (an index of DNA damage), as described previously [14] [15] [16] . Stored semen samples were thawed on ice and treated for 30 s with 400 μL of a solution of 0.1 % Triton X-100, 0.15 m NaCl, and 0.08 N HCl (pH 1.2). After 30 s, 1.2 mL of staining buffer (6 l g/mL acridine orange (AO), 37 ml citric acid, 126 ml Na 2 HPO 4 , 1 ml disodium EDTA, 0.15 M NaCl (pH 6.0)) was mixed into the test tube. The sample was placed in a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA), and the flow rate was adjusted to ensure an optimal sheath/sample flow rate ratio. Measurements were taken exactly 3 min after AO staining. A minimum of 5,000 cells from 2 aliquots of each sample were analyzed by a FACS scan interfaced with a data handler (CELLQUEST 3.1; Becton Dickinson) on a Power Macintosh 7600/132 computer (Cupertino, CA, USA). WinList (Verity Software House Inc., Topsham, ME, USA) was used to generate cytogram (red vs. green fluorescence) and histogram (total cells vs. number showing DFI) plots as well as to take percentage DFI and percentage HDS readings. The mean of the two values was reported. The variability of the replicate SCSA measures (percentage DFI and percentage HDS) was <5 %. We (and others) have shown that the SCSA results are similar whether tested on fresh or previously frozen samples (frozen at −7°C without cryoprotectant) [12, 14, 16] .
Cytochemical tests of sperm chromatin: aniline blue and iodoacetamide fluorescein Thawed semen samples were fixed with 70 % ethanol and kept at −20°C before further processing. Smears were prepared from the fixed semen samples, left to air-dry at 20°C for 30 min and immediately stained. For aniline blue (AB) staining [17] , the smears were incubated with the dye (5 % AB in 4 % acetic acid) for 5 min, washed three times with dH2O and mounted with glycerol. For iodoacetamide-fluorescein (IAF) fluorescence [17, 18] , the smears were incubated with 0.1 M Tris (pH 6.8) for 5 min and then with 0.1 mM IAF for 15 min. The IAF-stained smears were rinsed briefly with dH2O, washed with Tris and then mounted with DABCO.
For both the AB and IAF staining, at least 200 spermatozoa were counted per slide. The AB and IAF staining evaluations were blinded and repeat measurements were obtained two separate investigators to assess inter-observer variability. The inter-observer variability for AB and IAF staining measures were both <10 %. The same grading systems as reported by de Lamirande et al. [17] were used. For AB staining test, spermatozoa were divided into three categories: intense (dark blue stain over the entire head), intermediate (dark staining in the post-acrosomal region only) and pale (very pale staining over the entire head). For the IAF test, fluorescence was graded as intense (bright fluorescence of the entire head), intermediate (bright fluorescence of the post-acrosomal region only) and pale (very pale fluorescence of the entire head). In the present study, the results of the IAF and AB tests were reported as %IAF fluorescence (reflecting the % of sperm with bright fluorescence of the entire head) and %AB staining (reflecting the % of sperm with dark blue stain over the entire head), respectively. We have compared the AB and IAF assay results in fresh and previously frozen samples (frozen at −7°C) and have found a low coefficient of variation for both tests (7.5 % for AB and 9.2 % for IAF, respectively).
Data analysis
Results are expressed as mean ± SD. Inter-group (fertile controls and infertile men enrolled in IUI treatment) differences in sperm parameters were assessed by parametric and non-parametric tests as appropriate (one way ANOVA and Mann-Whitney rank sum test). The relationships between parameters were examined using linear regression techniques with Pearson's correlation coefficient. All hypothesis testing was two-sided with a probability value of 0.05 deemed as significant. We set the cutoff (critical) values for high %IAF and %AB staining based on the mean+2 SDs of the control population %IAF and %AB staining. The cutoff value for high %DFI (>15 %) was based on a prior publication [14] . Statistical analysis was performed using SSPS version 20 (SPSS Inc, Chicago, USA).
Results
Semen samples were collected from 102 infertile men enrolled for IUI treatment (78 normozoospermic, 15 asthenozoospermic, and 9 oligo-or oligoasthenozoospermic men based on the IUI semen analysis) and 15 fertile controls with normal sperm parameters. Of the 78 normozoospermic men, 60 were from couples with unexplained infertility and 18 from couples with mild female factor-infertility (reduced ovarian reserve or polycystic ovary syndrome). The mean (±SD) sperm concentration was significantly higher in the fertile control compared to the group IUI population (see Table 1 ). The mean (±SD) %IAF fluorescence was significantly higher in the global IUI population (n =102) compared to the fertile control group (17 %± 10 % vs. 8 %±6 %, P =0.0011). However, there was no statistically significant difference in %progressive motility, %AB staining and %DFI between the global IUI group (n = 102) and the fertile controls (Table 1) . Moreover, there was no statistically significant difference in %progressive motility, %AB staining, %IAF fluorescence and %DFI between the 60 normozoospermic men from couples with unexplained infertility and the 18 men from couples with mild female factor-infertility (data not shown). The prevalence of semen samples with elevated %IAF (>20 % cutoff), %DFI (>15 % cutoff) and %AB (>31 % cutoff) in the IUI population (n = 102) was 32 %, 20 % and 7 %, respectively.
Subgroup analysis of the 102 infertile men (78 normozoospermic, 15 asthenozoospermic, and 9 oligozoospermic) demonstrated that the mean %IAF fluorescence, %AB staining and %DFI were significantly higher in the asthenozoospermic subset (n =15) compared to the fertile controls (see Table 2 ). The mean %IAF fluorescence was also significantly higher in the normozoospermic and oligozoospermic subsets compared to controls (see Table 2 ). The prevalence of semen samples with elevated %IAF (>20 % cutoff), %DFI (>15 % cutoff) and %AB (>31 % cutoff) in the normozoospermic subset (n =78) was 28 %, 12 % and 3 %, respectively.
We observed significant relationships between sperm %DFI and %progressive motility (r =−0.40, P <0.0001) and between %AB staining and %IAF fluorescence (r =0.58, P <0.0001) by univariate linear regression analysis. 
Discussion
Men enrolled in IUI treatment cycles typically have normal or very mildly reduced sperm concentration and/or motility at the time of the IUI cycle. Nonetheless, we have observed that a significant subset of these men (more than 30 % of the men) have detectable defects in sperm chromatin integrity and that the mean %IAF fluorescence was significantly higher in the men enrolled for IUI treatment compared to the fertile controls. As would be expected from previous observations, we have shown that the degree of sperm DNA and chromatin defects was more pronounced in the subset of men with asthenozoospermia when compared to normozoospermic men [11] . This is in keeping with reports showing that patients with even a single abnormal sperm parameter have a higher %DFI and poorer chromatin compaction than fertile controls [19, 20] . Moreover, in our population of men with mild sperm defects, sperm %DFI was inversely related to % progressive motility. These data are in line with several reports showing a significant inverse relationship between sperm DNA damage and progressive motility, although, prior studies evaluated unselected infertile men, many of whom have significantly poorer semen parameters than the men in this study [11, [21] [22] [23] [24] . The current study highlights the fact that infertile men with normal semen parameters may have abnormal sperm chromatin. Indeed, the mean %IAF staining was significantly higher in samples from normozoospermic men (most of whom have unexplained infertility) than samples from fertile controls and, moreover, close to 30 % of samples from normozoospermic men had an abnormal sperm chromatin or DNA test result (above the cutoff value or 2 SDs above the control population mean). These data suggest that sperm chromatin testing may help uncover a sperm defect in infertile men with normal semen parameters. One must note that our data are weakened by the fact that sperm morphology was not formally assessed as part of the IUI semen analysis although most of these men would have had a normal morphology on the diagnostic semen analysis (done several weeks prior to the IUI cycle). However, it is not known whether a mild but detectable sperm chromatin defect in a man with normal semen parameters will have an impact on reproductive outcomes.
We have previously shown that both IAF and AB staining can detect defects in sperm chromatin compaction and, indirectly, assess sperm nuclear maturity [17] . These two cytochemical tests (IAF fluorescence and AB staining) are believed to assess (1) the relative accessibility of the dye to the nuclear target (AB preferentially binds to histone lysines and IAF preferentially binds to free protamine sulfhydryl [SH] groups) and, to some extent, (2) the relative levels of the nuclear target (histone content and free SH levels) [17] . Therefore, as expected, we have found a significant correlation between %AB staining and %IAF fluorescence (r =0.58) despite the fact that AB and IAF have vastly different chromatin targets. As such, our observations further support the premise that chromatin compaction and accessibility to the nuclear target is a common and important element of cytochemical chromatin integrity tests such as IAF and AB.
We have observed a wide variability in the test results of the different sperm DNA and chromatin assays in our population of men with mild male-factor infertility (the prevalence of semen samples with elevated %IAF, %DFI and %AB was 32 %, 20 % and 7 %, respectively). This variability may be due to the fact that the etiology of sperm chromatin and DNA damage is multifactorial (aberrant spermatogenesis, abortive apoptosis, oxidative stress) and, therefore, the variability in the test results of the different assays may simply reflect this [25] [26] [27] . In our study, IAF fluorescence was a better discriminator of male fertility potential than the other two markers of sperm chromatin integrity (mean %IAF staining was significantly higher in the samples from normozoospermic men compared to the samples from fertile controls). A possible explanation is that a mild defect in sperm chromatin compaction may be more readily detectable by IAF fluorescence than by AB staining (two comparable cytochemical assays) because IAF is a smaller molecule (MW~515) than AB (MW~803). Smaller molecules will typically penetrate or stain more readily than larger molecules [28] . The difference may also be related to the nature of the assays (IAF mainly targets free SH groups and AB mainly targets histone lysines). These observations should prompt larger studies of men with different etiologies of infertility to further assess the potential clinical value of the various sperm DNA and chromatin assays and to specifically determine whether the greater sensitivity of IAF fluorescence (observed in this study) is clinically relevant. Pregnancy outcome data will help better define the relative clinical value of the three different sperm DNA and chromatin assays used in this study. Sperm chromatin and/or DNA damage has been associated with reduced male reproductive potential and may be a crude indicator of genetic mutations arising during spermiogenesis [29, 30] . Although the ASRM Practice Committee [31] does not recommend routine use of sperm DNA tests, several studies have demonstrated that sperm chromatin and/or DNA damage is associated with a very low potential for natural fertility and a prolonged time to pregnancy [14, 32, 33] . Sperm DNA damage has been shown to adversely affect intra-uterine insemination outcomes and to a lesser degree IVF pregnancy rates, but not IVF/ICSI pregnancy rates [14, [31] [32] [33] [34] [35] [36] [37] . Sperm DNA damage has also been associated with a significant increase in the rate of pregnancy loss after IVF and ICSI [38, 39] . To date, little is known regarding the influence of sperm DNA damage on post-natal health because of the paucity of clinical (human) studies on this subject [40] . In experimental studies in mice, sperm DNA damage has been associated with chromosomal abnormalities, developmental loss, reduced longevity and birth defects [41] . In humans, advanced paternal age is associated with sperm chromatin damage and an increased risk of de novo gene mutations in sperm but whether these de novo mutations in sperm are related to the global integrity of the sperm chromatin, as measured by tests such as the sperm chromatin structure assay, remains to be verified [29, 30, 42] .
Conclusion
We have shown that sperm chromatin compaction is frequently abnormal in men enrolled in IUI, many of whom are normozoospermic. However, the clinical value of these findings would be strengthened by large, prospective studies with reproductive outcomes.
